The cerebrovascular Doppler examination (CDE) and oculopneumoplethysmography (OPGGee) were compared in a single population group with no statistically significant difference found between the 2 studies. There appeared to be an advantage to combinant testing, for when the results of the 2 studies were concordant there was an accuracy of 94% and a false negative rate of 8%.
WHILE THE USEFULNESS and accuracy of noninvasive testing of the cerebrovasculature has been the subject of many previous reports, few have examined the variables which might potentially influence the sensitivity of these studies. It is difficult to account for the variability which is introduced by differences in technique and interpretation. The technical aspects of the procedure and the definition of hemodynamically significant disease may differ among institutions, making comparisons difficult.
In previous reports, the study populations have been poorly characterized. Little emphasis has been placed on the relative distribution of stenotic and occlusive disease within the population. And while it has long been conceded that the non-invasive evaluation of the cerebral vasculature is only an adjunctive procedure in the symptomatic individual, little distinction has been made between the symptomatic and asymptomatic populations.
The present study provides the opportunity to compare 2 non-invasive procedures in the same study population and to observe the variable influence of differing population groups on the accuracy of these tests.
Materials and Methods
One hundred sixty-one patients suspected of having extracranial carotid artery occlusive disease were evaluated with the complete cerebrovascular Doppler examination (CDE) and oculopneumoplethysmography (OPG-Gee), in addition to arch and cerebrovascular angiography. Of the 161 patients, clinical records were available for 154 (96%). One hundred and six patients (69%) were symptomatic, 33 (21%) were asymptomatic, and 15 (10%) had non-lateralizing symptoms or posterior circulation transient ischemic attacks. Of the 33 patients evaluated for asymptomatic disease, 10 (30%) were initially seen for associated vascular disease.
The CDE was performed with a 10 mHz directional Doppler (Parks model 806, Parks Electronics, Beaverton, OR). Both the supraorbital and frontal (supratrochlear) arteries were identified when possible and the direction of flow determined. The response to superficial temporal, facial, and infraorbital artery compression was noted in each vessel; the response to common carotid compression was noted only in the frontal artery. The study was abnormal if the direction of flow was reversed or biphasic in either or both vessels or if flow decreased with external carotid branch compression. Flow normally decreased with ipsilateral common carotid compression, and was abnormal if it did not decrease with ipsilateral compression or if it decreased with contralateral common carotid compression.
Oculopneumoplethysmography has been described. 1 The changes in ocular volume associated with pulsatile ophthalmic artery flow are recorded simultaneously through 2 small cups applied to the sclera of each eye. Suction (vacuum) applied to the cups distorts the intraocular geometry and increases the intraocular pressure. The vacuum has been previously correlated with the intraocular pressure, so that the ophthalmic artery pressure (OAP) may be determined by pulse appearance ( fig. 1 ). The instrument was initially equipped to generate a 300 mm Hg vacuum (equivalent to 110 mm Hg intraocular pressure), but was later modified to generate a 500 mm Hg vacuum (144 mm Hg intraocular pressure). The majority of studies in this series were done with this latter device.
The than two-thirds of the systolic brachial artery pressure.
2) the difference between ophthalmic artery pressures was equal to or greater than 5 mm Hg ( fig. 1) .
3) the difference in pulse amplitude was 2 mm or greater when compared at 110 mm Hg intraocular pressure (this criteria was used early in the study, before the instrument had been modified to generate a 500 mm Hg vacuum).
Angiography was routinely obtained in the 2 oblique planes, with selective studies performed as indicated. A hemodynamically significant lesion was defined as a 50% reduction in the diameter of the common or internal carotid artery. This percentage was determined from the relationship of the least transverse diameter of the vessel to the normal distal internal carotid artery. All angiograms were separately and blindly reviewed by 2 of the authors.
In the present series, the percentage of false studies is based upon the total number of angiographically positive and negative studies, and thus is the complement of specificity and sensitivity ( fig. 2 ). Statistical comparisons were made using a chi-square analysis, and Bonferroni's inequality equation was used when multiple comparisons were drawn from a single sample.
Results
The 161 patients represented 320 vessels; there were 2 exclusions. On angiograms, 52 vessels (16%) were totally occluded, 83 (26%) had a stenosis of 50-99%, and 185 (58%) were normal or had a stenosis of less than 50%. Each of the 320 vessels was evaluated by Doppler examination, while only 287 vessels (90%) were studied with the OPG-Gee. These exclusions were made on the basis of specific medical contraindications including conjunctivitis, glaucoma, a history of spontaneous retinal detachment, or recent trauma.
The CDE had an accuracy of 87% with 11.9% false positive and 15.6% false negative results. There was a 50% false negative rate for those vessels with 50-59% stenoses; a 29.2% false negative rate for 60-70% stenoses; a 7% false negative rate for 71-99% stenoses; and a 5.8% false negative rate for total occlusions (table 1) .
The OPG-Gee had an accuracy of 90%, with 6.7% false positive studies and a 15.4% false negative rate. There were 46.7% false negative studies in the subgroup with 50-59% stenoses; 20.8% false negative studies with 60-70% stenoses; a 13.5% false negative rate with 71-99% stenoses; and a 4.2% false negative rate for total occlusions (table 2). There is no statistically significant difference between the results from the CDE and the OPG-Gee evaluation.
Concordant results imply an agreement. Of the 287 OPG-Gee studies obtained, the results of 248 (86.4%) were concordant with those of the CDE. The accuracy in this group was 94%, with 4.1% false positive studies and an 8% negative rate. There was a 50% false negative rate for those vessels with 50-59% stenoses; a 7.1% false negative rate with 60-70% stenoses; a 3.1% false negative rate with 71-99% stenoses; and a 2.3% false negative rate with total occlusions (table 3) .
Clinical correlation was available in 154 patients (96%). Within this group there were 102 operations, with 12 patients having bilateral procedures. There were 91 (89%) carotid endarterectomies, the remainder of the operative procedures included carotidsubclavian bypass, external carotid reconstruction, and extracranial-intracranial bypass. Sixty-four operations (63%) were done in symptomatic individuals, and 18 procedures (18%) were done in asymptomatic patients. Thirteen procedures (13%) in- volved the asymptomatic contraiateral side in a symptomatic individual, while 6 (6%) were done for posterior circulation symptoms. When correlated with the angiographic findings, 25 procedures (24%) were performed for ulcerative or non-stenotic disease, 68 (67%) for carotid stenoses, and 9 (9%) of the reconstructive procedures were performed in the face of total carotid occlusion.
The symptomatic patients had one or more of the following presentations: a transient ischemic attack (TIA), stroke, amaurosis fugax, central retinal artery occlusion, or the presence of a Hollenhorst plaque. Thirty patients had a history of 31 hemispheric strokes. On angiograms, 26% had normal vessels, 10% had ulcerative disease, 23% had a 50-99% stenosis, and 42% had total carotid occlusion. Ten patients (33%) had surgery, including 2 with carotid occlusion (table 4) .
Thirty-five patients had 36 hemispheric TIAs. At angiography, 33% of the vessels were normal and 33% had a 50-99% stenosis. Twenty percent had ulcerative disease and 14% were totally occluded. Twenty-one patients (60%) had 22 operative procedures, including 3 of 5 patients with total occlusion (table 4) .
Amaurosis fugax, central retinal artery occlusion, and Hollenhorst plaques were evaluated as one group. Forty-six patients presented with 49 hemispheric events. Angiographically, 14% of the vessels were nor- mal, 16% showed non-stenotic or ulcerative disease, 51% had 50-99% stenoses, and 19% were totally occluded. Thirty-five patients (76%) had 36 operations. Four of the 9 patients with total occlusion had reconstruction (table 4) .
If the antecedent event was a stroke, the Doppler examination had an accuracy of 87%, with 10% false negative and 18% false positive studies. The accuracy of the OPG-Gee was 93%, with an 11% false negative rate and no false positive studies. When the results were concordant, there were no false negative or false positive studies (table 5) .
In the presence of amaurosis fugax, central retinal artery occlusion, or Hollenhorst plaque, the Doppler examination had an accuracy of 90%, with a 12% false negative rate and a 6% false positive rate. The OPGGee had an accuracy of 88% and the concordant studies an accuracy of 94% (table 5). The results for those patients with a history of transient ischemic attack were similar to those seen in the other categories of symptomatic disease. The Doppler examination and the OPG-Gee had an accuracy of 89% and 88%, respectively. If the results were concordant, there were no false negative studies and an accuracy of 97% (table  5) .
In the asymptomatic individual, the Doppler examination had an accuracy of 75% with a 20% false negative rate and a false positive rate of 38%. The OPG-Gee had an accuracy of 86%, with 6% false negative studies and a 33% false positive rate. When the results were concordant, the accuracy was 85% with a 7% false negative rate and a 33% false positive rate.
Discussion
Since the initial reports of DeBakey 2 and Eastcott, Pickering, and Rob, 3 and mortality. This has resulted in an increased awareness of cerebrovascular disease and an increased interest in the non-invasive methods of diagnosis.
The demographics of the present study provide perspective to the role of non-invasive diagnosis. Sixty-three percent of the procedures were performed for symptomatic disease, and 13% for asymptomatic contralateral lesions. Eighteen percent of the procedures involved asymptomatic patients.
A valuable perspective may also be obtained from those technical and population factors which influence the accuracy of these tests. This information may be specifically applied in the clinical setting to allow a more precise interpretation of the results. Unpublished data from this institution suggest that the sensitivity of the CDE may be increased when the supraorbital artery and the frontal artery are evaluated in combination. The data in the present study further suggest a relationship between the sensitivity of the CDE and the OPG-Gee and the relative distribution of stenotic and occlusive disease.
Previous reports have shown that the sensitivity of the CDE is greater in the presence of total carotid occlusion. Duke 4 and Kempczinski 5 reported no false negative studies in those patients with total carotid occlusion. Towne 8 found that 66% of the false negative studies in his series were among those patients with stenosis rather than occlusion. Ackerman 7 noted a 95% accuracy in the diagnosis of carotid occlusion and a 75% accuracy in the presence of tight stenoses. Similar observations were also made by Lieberman* and Ginsberg."
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In the present series this relationship is observed in the results of the CDE and the results of the OPGGee. The percentage of false negative Doppler studies in the presence of total carotid occlusion was 5.9%, compared to a 21.6% false negative rate for the diagnosis of stenotic (50-99%) disease (p = 0.0098). With the OPG-Gee, the false negative rate was 4.2% for occlusive disease, and 22.4% for stenotic lesions (p = 0.0049). In addition, the sensitivity of both studies was directly related to the degree of stenosis (tables 1, 2, 3) . The percentage of false negative Doppler studies for the 50-59% stenoses is 50% compared to 14.9% for the 60-99% stenoses (p = 0.007). With the OPG-Gee, the false negative rate for 50-59% stenoses was 40.7% compared to 16.4% for the 60-99% stenoses (p = 0.0312); this approaches, but does not achieve, significance at the 95% confidence level. When the results of the 2 studies are concordant, he false negative rate is less than 10% for all subgroups, except those vessels with 50-59% stenoses.
The non-invasive evaluation of cerebral vessels should not be considered a definitive screening technique with which to rule out arteriography in the symptomatic individual. This fact is supported by the percentage of false negative studies in those patients presenting with stroke, transient ischemic attack, and amaurosis fugax. Regardless of the technique employed, the false negative rate varied from 10% to 13%. Since there is a greater incidence of false negative studies among those vessels with stenotic disease, this error potentially falls in a surgically correctable population. Combinant testing may show a greater sensitivity to disease, but is not applicable in all patients. Only 86% of the OPG-Gee studies were concordant with the results of the CDE.
The demographic data provide additional evidence supporting an adjunctive role for non-invasive evaluation in the symptomatic individual. A review of the operative pathology discloses that 24% of the operations were done for non-stenotic or ulcerative disease, which would have been undetected by non-invasive measures.
The CDE and the OPG-Gee are routinely used to evaluate asymptomatic carotid bruits and those patients with associated peripheral vascular disease or known risk factors predisposing to atherosclerosis. Yet the overall accuracy of the CDE is only 75% in this population, and the accuracy of the OPG-Gee 85% (table 5) . With both techniques the percentage of false positive studies is high. This alone might be considered acceptable, since no significant disease is missed and the risk of angiography is low. However, there is also a 20% false negative rate with the CDE, and this must be examined because these individuals are potential surgical candidates.
Of the seven false negative studies (20%) attributed to the CDE, 4 were in the presence of a 50% stenosis and 3 were in vessels with 60-69% stenoses. The 2 false negative studies (6%) attributed to the OPG-Gee were both in vessels with a 50% stenosis. In reviewing the data for the entire study population, this might well be predicted. Both techniques have an increased percentage of false negative studies in the population subgroup with 50-70% stenoses, and particularly in the sub-group with 50-59% stenoses. And while there is a disparity in the accuracy of these tests in this small population, it must be assumed that in a larger population of asymptomatic individuals, both the CDE and the OPG-Gee would have a comparable sensitivity to 50-70% stenoses.
Does this failure to consistently identify the 50-59% stenosis, and in some cases a 60-70% stenosis, jeopardize the value of these tests as screening procedures? Or does the presence of this inconsistency raise questions about the definition of hemodynamically significant disease? May 10 and Crawford 11 have suggested that a hemodynamically significant flow reduction is associated with a 50% reduction in the diameter of the carotid artery (75% reduction in crosssectional area). However, Young 12 has observed that the flow response to a given arterial stenosis is variable over a wide range, and suggests that the level of peripheral vascular resistance distal to an arterial stenosis may have a direct influence on the hemodynamic significance of that stenosis. Moore 13 has further shown that a critical arterial stenosis is not a fixed percentage, but varies directly with the crosssectional area of the vessel and inversely with the flow rate. Clinically, O'Donnell et al.
u have noted that there was no significant relationship between the carotid stenosis predicted angiographically and the internal carotid pressure gradient determined at operation. Thus, the definition of hemodynamically significant disease should not be based on angiographic criteria alone. There is good evidence that the hemodynamic significance of the 50-70% stenosis is variable and may be characterized with greater accuracy by a combination of angiographic and noninvasive methods.
It is our practice to employ a combination of studies in cerebrovascular diagnosis, including the CDE and the OPG-Gee. Because of the percentage of false negative studies and the possibility of non-stenotic or ulcerative disease, these procedures are only adjunctive in the evaluation of symptomatic individuals and have not been used to determine the need for angiography.
In the asymptomatic individual, it is our practice to employ these techniques in a definitive screening evaluation. The incidence of false negative studies which has been associated with 50-70% stenoses is not considered a significant fault. Rather, it is believed that the combination of Doppler ultrasound and oculopneumoplethysmography provides an accurate reflection of flow dynamics; and, in the asymptomatic individual, it is this hemodynamic assessment which provides the basis for management decisions.
